ABSTRACT This article describes the simulation of real-time catheter navigation in our interactive interventional cardiology simulation system (ICard). ICard is designed to enable medical students or physicians to familiarize themselves with the techniques of interventional catheterization procedures. The ICard software provides three-dimensional (3-D) views of the blood vessels and fluoroscopic images for real-time visualization of the catheter position. The 3-D human vasculature is built from various image data sets and is represented with a central line hierarchy model. Navigation of the catheter and guide wire and their interaction with blood vessels are implemented by applying the finite element method. Physical modeling that features the elasticity of the catheter and guide wire was developed to provide a realistic simulation of catheterization procedures. An electromechanical device was also developed in the system, allowing physical manipulation of catheter and guide wire movements. ICard can be used for training and design of equipment for interventional cardiology and may be further extended for pretreatment planning.
INTRODUCTION
Recent technological innovations in computing, graphics visualization, image processing, physical modeling, and virtual reality have brought surgical education and pretreatment planning to a promising stage where serious consideration must be given to the role of advanced computer simulation. As we are aware, medical simulators have significant potential for reducing health care costs through improved training, better pretreatment planning, and more economical and rapid development of new medical devices. They shift the traditional see one, do one, teach one paradigm of medical education to one that is more experience based. Hands-on experience becomes possible during training before the stage of direct patient involvement with its significant risk. 16, 30 A time table for adoption of medical simulators has been projected 14 : real-time and deformable anatomical model-based realistic training simulators for image-guided procedures (e.g., intravenous needle insertion) should be available by now. By the end of this century, we expect widespread use of simulators for training in interventional radiology, laparoscopy, endoscopy and related image-guided procedures. In the first 5-10 years of the next century, we foresee early adoption of simulators as part of the surgical certification process, emergence of distributed simulation systems for coordinated training of surgical teams, use of patient-specific data for preoperative rehearsal, and full integration of medical simulators for surgical training and certification.
Even though numerous examples of successful simulation applications are found in the defense and aviation industries, simulation technology is only just beginning to be applied in medicine. There are a number of technical hurdles to overcome. The human anatomy, particularly human osteology, articulation, muscles, and arteries, presents the most complex structure in geometry. Building a realistic model of the human vascular system in connection with the development of simulation of catheterization procedures, for example, is a great challenge to the people working in image processing and biomedical engineering. A good model of vasculature demands very accurate description of the vessels and their topological relationship. To our knowledge, there is no report on complete modeling of the human vasculature. This is probably due to the lack of image sources for all the human vessel segments and the associated accurate segmentation tools. In addition, real-time interaction is essential to the realism of a surgical simulator that is both computation and graphics intensive, but PCs and/or low-and middle-end workstations have limited computational power to support such real-time simulation applications. The development of medical simulators is further hindered by the difficulties in obtaining high-fidelity images and displaying them in real time and in providing a hand-feeling haptic device for controlling and manipulating the movements of medical equipment.
Image-guided procedures such as vascular catheterization, angioplasty, and stent placement are especially suited to simulation because they typically place the physician at a distance from the operative site, manipulating surgical instruments and viewing the procedures on video monitors. Recent studies 16, 22 have equated the relationship between levels of training and complications in revascularization procedures and have clearly demonstrated the potential value of such simulators in training physicians. Virtual reality based simulation technology also provides an environment in which to test medical devices and new therapies, train and credential physicians, and plan interventional procedures using patient-specific data. However, there have not been many applications in the field of catheterization simulation, even though quite a few systems have been developed for other navigation procedures. 8, 18, 21, 24, 26 HT Medical, Inc., has developed the Dawson-Kaufman interventional radiology simulator to enable physicians to practice angioplasty and other techniques. 13 Their first application of the simulator was to develop a catheter navigation system in the abdominal aorta. In their physical modeling, computation analysis of catheter movement resulted in the process taking a little longer than the desired real time. CIeMed at the Institute of Systems Science, Singapore [ISS, renamed as Kent Ridge Digital Labs (KRDL) April 1, 1998 ] has, in conjunction with Johns Hopkins Medical School, developed daVinci, 1,2 an interventional radiology simulator for catheter navigation. daVinci provides a basic framework of the human vascular system registered with synthesized fluoroscopic views to create a virtual patient for training radiologists. A potential field-supported finite element method (FEM) 33 has been developed for realtime analysis of catheter navigation in the system.
Percutaneous treatment of coronary artery disease is effective in the relief of symptoms of angina and is commonly practiced worldwide. For patients with coronary artery disease, revascularization procedures are commonly performed for symptomatic relief. Coronary artery bypass grafting has been the principal procedure performed to achieve revascularization. Currently, the percutaneous technique is gaining popularity because of greater patient acceptance. Instead of opening the chest wall, a small puncture is made at the groin, wrist, or elbow to gain access to the patient's arterial tree. From this puncture, guide wires and guiding catheters are used to selectively cannulate the ostium of the coronary artery. With the guiding catheter in place, a very thin guide wire is introduced into the coronary artery and passed through the diseased segment. A suitably sized balloon catheter is then positioned at the target lesion.
The diseased segments of the coronary anatomy vary from patient to patient. These differences include the location, number, and morphological characteristics of the lesions. Interventional cardiologists often face critical uncertainties in predicting the outcome of the procedures they plan to perform. Additionally, the mechanism of percutaneous treatment of coronary artery disease also remains unclear. Although several hypotheses have been put forward, the majority of these studies were based on postmortem examination. Different plaque morphology may have a different response to catheter insertion. Moreover, patients also re-spond differently to injury by a balloon or various other devices. The operator requires specific skills to manipulate these devices in order to treat the target lesion. Developing a simulator to accurately simulate the process of percutaneous coronary revascularization will facilitate greater understanding of interventional procedures. We present in this article the development of ICard, an interventional cardiology simulation system for training of physicians and pretreatment planning in complex patient cases. With further work, medical equipment manufacturers can also apply these simulation technologies to shorten the development process for new interventional cardiology equipment.
Development of intravascular simulators that will be sufficiently realistic and versatile to gain widespread clinician acceptance in various roles represents a significant challenge. It requires the creation of a realistic visual and haptic environment that includes a virtual live patient and modeling the interaction of catheters and other devices within the virtual environment. FEM-supported physical modeling, which we developed for the analysis of catheter navigation, allows us to realistically simulate on the computer the interaction between the coronary arteries (with their associated disease conditions) and the interventional equipment (catheter, guide wire, balloon, stent, etc.). Based on our experience in developing a credible simulation system for surgical procedures, four components (an accurate anatomy model, a real-time deformation analysis engine, an interactive visualization user interface, and a haptic manipulation device) are most crucial to the success of the development. We will address these issues in the following discussion.
As mentioned above, building a realistic and accurate model of human vasculature is the first step in developing a computer simulator for catheterization procedures. We illustrate the construction of human vasculature used in our simulation system. It includes all major branches of the major primary aorta, coronary, cerebral, and other associated secondary tertiary networks. These vessels are reassembled in a hierarchical data structure according to their topological relationship to the neighboring vessels. The analysis engine then uses this hierarchical structure to speed up the computation of navigation. For the analysis of real-time catheter navigation we first present the physical modeling used for describing the vessels and the catheter and guide wire devices. An FEM is developed for the navigation analysis. The topologybased approach is applied for the contact computation between the catheter and guide wire and the vessels. This method shows certain advantages in speeding up the analysis and computation with an acceptable percentage. An overview of the simulator is presented. We also describe the system design and the solution approach employed in the analysis of catheter navigation. Some of the simulated procedures for navigating a catheter into various segments of blood vessels are featured and several associated images are presented. The visualization interface is also described. A two-dimensional (2-D) fluoroscopic view that resembles the screen in the operation room has been reproduced and displayed in the main window of the simulator. The vasculature, fully registered with the fluoroscopic view, is available for viewing. Computed tomography (CT) and anatomy images in axial, sagittal, and coronal cross sections are also provided. The physical manipulation device that allows users to deftly push, pull, or twist the catheter and guide wire equipment is discussed. It aims to create the same environment so that medical professionals can obtain tactile feeling through the simulator. Finally, we summarize the features and functions of this simulation system and discuss avenues for future improvements.
VASCULATURE OF HUMAN ANATOMY
It is essential to build a realistic and accurate human vasculature for computer simulation of catheterization procedures. In ICard we use human primary vasculature and cardiac, cerebral, and other secondary and tertiary networks to create the simulated vasculature of a virtual patient. All the blood vessels are assumed to be cylindrical structures with circular-ring cross sections of various radii. A central line model is used to characterize the segments of the vasculature. With this model, a segment of blood vessel is represented by a set of 3-D points along its central line with associated radii. The central line for this segment can then be interpreted into, for example, a linear format by simply joining any two adjacent points with a straight line or a smooth curve employing the Nonuniform Rational B-Spline (NURBS) method. In the following paragraphs, the construction of the central line models for the primary aorta, coronary, cerebral, and other secondary and tertiary networks is discussed. Note that they are from different sources and have been fused and coregistered with the VHD TM fluoroscopic images in the world-coordinate space. Any two adjacent branching joints in the central line model define a segment of blood vessel.
Primary Aorta
The primary arterial vasculature is reconstructed from the photo data of the Visible Human. 23 The VHD TM data are stored as numerous 2-D slices with uniform thickness of 1 mm. The contours of the blood vessels at the region of interest are first manually segmented at each slice with Photoshop TM , a commercial program (Adobe Systems). The center of the projected cross section of a vessel is then calculated and the resultant coordinates of this center point are taken as the coordinates of the center of the vessel at this slice. The corresponding radius of the vessel is obtained by the following equation:
where R is the radius, A is the cross area of the vessel at this slice, and ␣ is the projection angle that can be obtained by using the relationship between the coordinates of the central line points at adjacent slices. The 3-D central line is constructed for the vessel by connecting all the coordinates at the slices involved. New techniques are also under investigation to find the cross sections and the corresponding radii. This primary structure serves as a road map to extend the arterial model by adding secondary and tertiary networks from other scanned data sets.
Coronary Vessels
It was found that the coronary vessels in the VHD ™ photo data are mostly collapsed. This is largely due to the fact that the neighboring muscles squeezed the vessels because there is no blood flow or pressure in the vessels of the cadaver. A professional steel model 19 is therefore employed to construct a 3-D model of the cardiac vessels by using coordinate measuring machine (CMM) probing. A CMM equipped with an analogue probe or touch probe is a prominent example of the contact inspection method used to determine the 3-D coordinates of a model. This model of the coronary vessels includes all the major branches of a total of 21 vessel branches, as shown in Figure 1 (a). It ranges from the right coronary artery to the atrioventricular branch, from the left main trunk to the left anterior descending branch, and the left circumflex branch. The vessels are considered to be the principal sites for interventional cardiology practice. The CMM measures the related coordinates of points along the central line, and the related radii of the vessels are also found by using a mechanical measuring technique. The determined coordinates and radii are then fed into a process to rebuild the coronary vessel structure. The shape of the vascular system was examined and refined further by the medical professional using an editor tool. Figure 1 (b) illustrates the reconstructed 3-D model of the coronary tree.
Cerebral Vessel Model
An interactive vessel tracing method 29 was used to obtain the cerebral model in this study. Volume data sets often lack the resolution to allow automatic network segmentation for blood vessels. This approach provides a free-form curve drawing technique by which human perception is quantitatively passed to the computer, using the reach-in environment of the Virtual Workbench. 25 The precise and dextrous environment transforms perception to facilitate easy identification of vessels. The tools exploit the reach-in hand-immersion ergonomics of the Virtual Workbench to allow sustained productive work and 3-D textures subvolumes to allow interactive vessel tracing in real time. A set of magnetic resonance angiograph (MRA) data of a human brain was used for this purpose, and a total of 251 segments of the cerebral vessels were identified and registered based on the connection with the primary vasculature of the VHD ™ data. Figure  2 displays the reconstructed cerebral vessels.
Simulated Vasculature of Human Anatomy
A realistic and accurate vasculature of human anatomy was built for computer simulation of catheterization procedures based on developed models of primary, coronary, cerebral, and other secondary and tertiary networks. Figure 3 displays three views of the vasculature of the blood vessels. They are displayed in the sagittal section 45°rotational and coronal positions. There are a total of 394 segments for the entire vasculature. Among them, the cardiac model has 41 segments while the cerebral model has 251. The vasculature anatomy is represented by a topological hierarchy structure of the central lines, their corresponding radii, and the neighborhood connecting relationships of the vessels. In the existing version of ICard, these vessels are assumed to be cylindrical structures with varying radii.
Topological Hierarchy Structure
The topology of vasculature is very helpful in the development of our algorithm that speeds up the computational analysis of catheter navigation. The topological hierarchy structure can be generated using the information of coordinates and radii of the central line model of the vessels and the relationship between neighboring vessel segments. This hierarchy specifies the connection of adjacent vessels with a tree structure. Figure 4 , for example, shows this tree of the coronary vessels based on the information from the professional model. Each vessel is named as a segment labeled with its index in this structure. It uses a parent-child relationship between a vessel segment and its adjacent vessels and segments. The indexing starts from the left coronary artery as shown in this drawing. Figure 5 shows an example of the data structure for a vessel segment of the coronary tree. The left anterior descending branch (proximal) is recorded as a segment in this 3-D hierarchy data structure of the coronary vessel system. The G on the first row indicates the segment number; L on the first row refers to the description of the segment; P on the third row indicates its parent (only one parent in this case, the left main trunk; parent segment number is 1); C on the fourth row indicates its children [two children in this case: segment number 3, the left anterior descending branch (mid), and number 9, the first diagonal branch (D1)]; and N on the fifth row indicates the number of its central line points. The first three real numbers at the right side of the fifth through ninth rows are the x, y, and z coordinates of the central points and the last number refers to the corresponding radii. They are all in millimeters (mm).
The branch junction is specifically modeled using the geometric continuity theory. 9 A tangential continuity is introduced between neighboring branches to take advantage of the smooth transition. A sweeping operation is employed to create visually smoothed branch surfaces. Following this, a physical model is developed for the branch structure. 33 This allows efficient determination of navigation of the catheter along the branch area.
FEM ANALYSIS OF CATHETER NAVIGATION

Physics of Catheter Navigation
With the goal of creating a realistic real-time interactive environment for the analysis of catheter navigation in the vascular structure, an incremental FEM was applied to the analysis of catheter navigation. In this FEM analysis, the blood vessels are assumed to be rigid circular tube structures with varying radii. A method is under development for modeling more realistic vessels with arbitrary cross sections and deformabilities. The resultant model will be used to replace the existing rigid vessels.
Nevertheless, it is commonly accepted that most blood vessels are well stretched by the surrounding muscles and the vasculature network as a space structure is therefore hardly deformed with respect to catheter navigation. It is also true that the tip of a guide wire or navigating catheter is very soft in order to prevent damage to the blood vessel when in contact with it. The vessel wall is therefore stiffer by comparison, and it is quite reasonable to assume it to be rigid during interaction with catheters. On the other hand, typical catheters and guide wires have curved or uncurved slender cylinder geometry (the cross sections of catheters and guide wires are generally in circular or circular ring form) and can be discretized into 3-D beam elements. Thus, they can be considered as systems of flexible multiple bodies as shown in Figure 6 . Those elements connected with each other at the nodes are capable of describing the deformation modes of extension, compression, bending, and torsion. The catheter navigation can therefore be considered as a sequence of movements of flexible multibody systems inside rigid tube structures.
These multibody systems are subjected to single or combined push, pull, or twist at their extreme ends as the external inputs. The movement of the catheter is assumed to be the sum of rigid-body displacements and deformations at each step because the deformations are relatively small compared to the rigid-body displacements. Hence, it is logical to treat the elements of the catheter system as rigid bodies first and then find the deformations at their equilibrium position. Next, a variational principle is developed based on the virtual work method 34 to derive the formulations of the multibody dynamics method (MDM). 12 The MDM models the kinematics (rigid-body displacements) of the multibody system. The FEM 15,27 models the deformations of the flexible bodies or the analysis of catheter navigation. Note that a nonlinear FEM is applied here because the catheters generally undergo large deformations.
Governing Equations
Consider a catheter that has been discretized into elements with a deformed configuration. This flexible multibody system is in dynamic equilibrium with the applied forces, contact traction, and internal forces at time t. Two coordinate systems are used to describe the movement and the deformations of the catheter system: the coordinate system XYZ is the inertial (global) reference frame and xyz is the body (local) reference frame.
The variational equation of motion of the catheter system is given as
where S denotes the boundary surface; V denotes the volume of the catheter; u denotes the displacement vector of a catheter point at time t; and denote the strain vector and stress vector, respectively; 0 denotes the residual stress vector due to the accumulation of the previous deformations, which can be reduced through a process of energy release (shape recovery); ␦u denotes the virtual displacement vector that is consistent with the constraint conditions; ␦ denotes the corresponding virtual strain vector; denotes the mass density of the catheter; f denotes the body force vector; u denotes the acceleration vector (second-order differentiation of variables with respect to time t); and T is the traction vector, which can be expressed in terms of the external force applied at the boundary S and the contact force between the catheter and the walls of the vessels.
Let us define the displacement vector as a summation of two terms (a rigid-body displacement and a deformation) in order to derive the explicit formulation for the equation of solution for the catheter movement. Realizing that the rigid displacement results in no strain and stress, we can then formulate the final two variational equations from (1) as
for determining the movement of the multibody system with each element moving as a rigid object and
where u r denotes the rigid displacement; u f represents the deformation; T a and T c represent the external force and the contact force, respectively; and f and f represent the strain and stress corresponding to the deformation. It is assumed here that the deformations are generally smaller as compared to the rigid displacements. The deformation can then be assumed to be time independent during the navigation. The acceleration of the deformations has therefore been neglected in the formulation.
FEM Formulation
In this study, 3-D beam elements are used to derive the equation of solution in the FEM analysis of the catheter navigation. The variational equations (2) and (3) can therefore be rewritten for the catheter with N elements as
for the rigid-body movements of the beam elements and
for the deformations of the elements, where S n and V n denote the boundary and volume of the nth element, respectively. We then have the matrix equations of solution resulting from equations (4) and (5) through common FEM procedures as
for the multidynamics analysis of the rigid-body movements and for the FEM analysis of the deformations. In these equations, the rigid-body displacement vector u is defined in terms of three translations and three rotations at each FEM node while the deformation vector U is also expressed in the same way with a total of 6 degrees of freedom at a FEM node. The matrices M and K are called the global mass matrix and the global stiffness matrix, respectively. Note that equations (6) and (7) are coupled with each other; we came up with a semiimplicit iteration method to solve them effectively.
Contact Analysis
Contact analysis accounts for a significant portion of the FEM computation time. Contact algorithms can be categorized based on contact search, contact and release conditions, and contact forces. The contact search is the dominant cost for many contact algorithms. The two-surface approach 5 designates one surface as the master surface and the other as the slave and establishes a set of conditions to determine when the surfaces are in contact. It calculates an interface force between the surfaces and applies it as a force boundary condition to the master surface. This method has been used in most engineering applications, even though it becomes quite complicated in 3-D problems. 6 In simulation and animation, Gourret et al. 11 simulated the contact between a hand and a deformable ball through the elasticity equations for a set of finite elements. The shape of the flesh was computed from a position of the skeleton specified by the user, and the equilibrium position for the finite elements was found after a sequence of oscillations. Gascuel et al. 10 proposed a similar approach but with a new layered structure that enabled it to deal with the difficult problems of collision detection and response. Both methods used the classical massspring system for their deformable models. The spring model has also been used in other FEMs for medical simulations. 7, 17 In cloth simulation, 4 collisions are detected by checking pairs comprising a cloth particle with a triangle and two triangle edges for intersections. When collisions between a cloth vertex and a triangle or between two cloth edges are detected, a strong damped spring force is then inserted to push the cloth apart. A coherency-based bounding-box approach 3 is used to cull out the majority of pairs to avoid a high order comparison. Those collision detection techniques are similar to the two-surface approach in principle and are usually computationally expensive. The contact algorithm used in the simulation system presented in this article is one of the very few attempts to use the anatomy structure to speed up the contact analysis, especially the contact search in FEM biomedical applications. The hierarchy of the vasculature of human anatomy is employed to guide the contact search of the navigating catheter and guide wire with respect to a group of vessels involved. Two methods 32, 33 based on the geometry of the vasculature have been developed for this contact computation. Both methods have shown a great improvement in reducing the CPU time for the contact search and the computation of contact condition and force.
Topology-Supported FEM Catheter Navigation Analysis
A semi-implicit method was developed based on the topological hierarchy of vasculature for the inside and outside checking and the computation of the contact force in the FEM analysis. The method can be expressed as the following execution routine and as shown in Figure 6 .
Step 1: Solve the multibody dynamic equation at each time step to move the catheter as a rigid multibody system. We used a slide technique based on their tangents to make a reasonable guess for the moving directions of the elements. With this method, the FEM elements of the catheter move along their tangential directions as their rigid-body movements.
Step 2: Conduct the inside and outside checking for each node at the portion of the catheter under consideration. With the derived topological hierarchy of the vasculature, we need only to check one FEM node of the catheter with respect to its associated vessel segment and the vessels that have relative relations (through the defined parent-child topological relationship). By doing so, we drastically reduce the computation time for inside and outside checking, as well as the computation of the related contact forces when some nodes are outside the vessel.
Step 3: If all catheter nodes are inside the vessels, then go to step 1; otherwise, if at least one node is outside the vessels, compute the contact force at those FEM nodes according to f ϭ cdn , where c is an adaptive coefficient determined through an interaction procedure. It is noted that the value of the coefficient c should reflect the material properties of the catheter and the vessels. However, we had to use an alternative way to determine its value due to the assumption we made for the vessels that all of them are treated as if they are rigid. Here d denotes the distance and n denotes the force direction and unit vector of a node toward the vessel surface, respectively.
Step 4: Generate the stiffness matrix and associated force vectors for the catheter with respect to its new position and impose the constraint conditions.
Step 5: Solve the FEM equation for the deformation of the catheter subject to the contact force. Update the catheter position and then go to step 2.
ICARD SIMULATOR
ICard was designed as an interventional cardiology simulator for percutaneous coronary revascularization procedures. The design is primarily intended to accurately simulate the process of coronary revascularization to better understand the procedure and assist in the pretreatment planning of complex cases. By creating a realistic real-time interactive environment, the simulator was designed to duplicate as closely as possible the essential maneuvers encountered in cardiac catheterization procedures.
User Interface
ICard is designed for medical students and physicians; minimal computer knowledge is required. The manipulation tools are accessible through a convenient and user-friendly graphics interface as shown in Figure 7 . Much emphasis has been placed on the ease of use of the system. The user can select loading of normal anatomy or pathological cases: the structure of the normal vasculature was introduced in an earlier section, while the pathological path provides a connection opening to register a vessel model from other sources. The registration process is based on adaptive justification with the vasculature as developed. The user is prompted to select a designed size and shape of catheter and/or guide wire (a library of existing catheters and guide wires from various manufacturers has been built into ICard for selection), and the user can set the insertion or entry point at either a radial or femoral site. The navigation directions of the catheter and/or guide wire will be set toward or away from the heart. Two methods of navigating the catheter have been provided in ICard: a user may click on the direction buttons on the control panel to advance the movements of the catheter and/or guide wire or, alternatively, the catheter movement sensor device (CMS), a piece of electronic hardware, can be used to control these movements. 20 CMS is the input device that was specially constructed for ICard. It has a close resemblance to the real catheter control mechanism and allows a user, such as a trainee, to manipulate the translation and rotation of the catheter in the way that would be experienced during an actual interventional procedure.
Fluoroscopic Imaging
The human anatomical images generated from the VHD ™ are displayed in various graphics windows. Fluoroscopic images of the entire human body are created and displayed in the main window located at the left side of the computer screen shown in Figure 7 . The current position of the navigating catheter is overlaid on the fluoroscopic view. A 2-D view of the vasculature is available by registering it to the fluoroscopic images as shown in Figure 8 . When required, especially during a course of training, the user has the option to adjust the fluoroscopic image in a manner similar to that employed in a CathLab. For example, the user can zoom in and out on a particular view of the catheter or guide wire entry site for a closer look at the position and orientation of the catheter or guide wire. The user can also improve the image quality by collimating the field of view using the shutter function buttons. These buttons are designed to provide lateral and vertical collimation as in the clinical setting. The contrast of the fluoroscopic image can be modified using the gamma control button. In addition, moving the patient table control levers can change the position of the fluoroscopic field of view. These levers control the movement of the image in the X and Y axes, as well as rotation and skew. They correspond to the patient table control levers used in the clinical setting.
3-D and Cross-Sectional Imaging
The next important feature provided in ICard enables viewing the catheter and guide wire and the vasculature of the human anatomy in a 3-D environment. This function is presented as a pop-up window in the upper right portion of the screen. The motion of the catheter or guide wire is tracked and updated simultaneously in fluoroscopic and 3-D displays. The user can change the transparency of the 3-D-rendered vessels to better complement their geometry as presented in the fluoroscopic view. With the aid of the mouse, the 3-D rendered vessels can be rotated in the x, y, and z axes to better appreciate the position of the catheter or guide wire tip relative to the vascular anatomy. This feature is very useful in teaching selective vessel catheterization techniques. Besides 3-D views, the fluoroscopic image can be viewed in stereo mode with the stereo image projected onto the split screen alongside the 2-D image. The stereo viewing is accomplished by programming with the Bricks Toolkit. 28 Users see the stereo virtual image on the screen of the computer monitor while wearing a pair of Stereographics CrystalEyes stereo glasses. The stereo virtual objects consist of vessels, the associated volume data, and interventional devices. Currently, manipulation of these virtual objects is done through a conventional mouse device.
Besides providing the stereo and 3-D views of the catheterization process, ICard has the capability to locate the catheter tip position within multiplanar images of the body region. With the tip position highlighted, these images can be viewed in the axial, coronal, sagittal, or combined mode, being represented as either CT, magnetic resonance imaging, or actual cross-anatomical color images. It is very important to have multifunctional views when teaching complex techniques such as those used in interventional procedures. 
Biomedical Signals
The electrocardiogram is a primary tool for evaluating chamber size and enlargement. At any given time during the interventional surgery, the patient may be monitored by a variety of other devices including a respirator and blood pressure monitor. In ICard, these biomedical signals are incorporated and shown in a window. Figure 9 is a view of the biomedical signals simulated in ICard at one particular instant.
Ballooning and Stent Placement
An important feature of ICard is its ability to simulate ballooning and stent placement for an interventional cardiology procedure. We first inflate a balloon in the left coronary artery. A 30-mm stent is then placed in the left coronary artery as shown in Figure 10 (a). Figure 10(b) is a different view of this stent placement. Figure 11 shows another 30-mm stent placed in the right coronary artery, while Figure 12 is a view of an inflated balloon in a vessel.
The angioplasty devices are brought to the placement location through simulated catheter navigation. The balloon inflation is simulated as a tank structure that is expanding uniformly. Detection is then implemented for the interaction of this structure with the blood vessel segment (represented as a generalized cylinder). The stent release is simulated as a simplified procedure of displaying a piece of tube to the inner surface of the vessel segment. No deformation of the vessel segment was considered in the present study. We have been working on an accurate FEM analysis for interaction between the devices and the deformable vessels, and the results will be added to ICard shortly.
Other Features
Injection of contrast medium can be activated using a special control panel. The panel is designed like a contrast injector: a user can operate with a selected injection volume and injection rate. When these injection parameters are set, the injection can be triggered by activating the inject button. The appearance of contrast medium filling the vessels (opacity) has been modeled to reflect the rate of injection relative to the blood flow rate in the vessel. This provides a realistic impression of the injection. Note also that diastolic and systolic flow pattern and washout of contrast through the vasculature are modeled into the contrast injection function. Road-mapping capabilities are available and are presented as a split-screen function. The value of road mapping is enhanced when it is combined with simultaneous 3-D display of the vasculature. As is the case with most angiographic procedures, further manipulation of the catheter and guide wire and injection of contrast medium and road mapping can be repeated as the catheterization procedure continues.
PHYSICAL MANIPULATION INTERFACE
An electromechanical device was developed in ICard to enable physical manipulation of catheter movements. The device consists of a position and rotation measuring system, a mechanical system, and a microcontroller. The mechanical system houses a simulated catheter and guide wire set with a feel resembling their actual counterparts. Using optical encoders, the measurement system detects the rotations and displacements of the simulated catheter and guide wire. The movement signals are then analyzed and accumulated by the microcontroller and sent to the workstation host a via serial link. The device driver on the host computer further processes these signals and turns them into correctly scaled displacement and rotation values. By manipulating the simulated catheter on the device, the virtual catheter and guide wire are advanced, retracted, or twisted in the virtual blood vessels. Accurate navigation of the catheter and guide wire is achieved through the use of efficient FEM analysis. The images of the virtual catheter or guide wire and the virtual blood vessels are computed based on the user-specified zoom and pan factors. These images are superimposed on the corresponding fluoroscopic image and displayed in real time on the computer screen as discussed in the previous section.
In ICard, when navigating a catheter or guide wire within a human vascular system, we achieve an average rate of approximately 16 frames per second in stereo mode on an SGI Onyx2 machine with 128 MB of RAM and 64 MB of texture memory. In 2-D fluoroscopic view, we can achieve over 20 frames per second in the simulation process. This refresh rate is acceptable based on the literature and our experience.
Catheter Movement Sensor (CMS)
The CMS is the input device that was specially constructed for ICard. It allows a user such as a trainee to manipulate the translation and rotation of the catheter. The CMS has four components: the position and rotation measuring system, the mechanical system, the force actuator, and the micro-controller. They are connected through a pipeline of processing as shown in the schematic block diagram in Figure 13 .
Position and Rotation Measuring System
The translation and rotation of the catheter are measured using two incremental type encoders. Encoder A measures the translation, and encoder B measures the twist. Each encoder is capable of producing 500 pulses per revolution. The pulse streams generated by each encoder are fed to a 16-bit counter. The value of the counter represents the actual position (amount of insertion or twist) of the catheter.
The encoder has a resolution of approximately 20 counts per millimeter in translation. This is approximately 400 dots per inch. Because the user is unlikely to move the catheter by less than 0.1 mm, this accuracy has been sufficient.
Mechanical System
The mechanical system serves two functions. First, it provides mechanical support to encoders A and B and the force actuator. Second, it provides a mechanism to translate the linear motion (pull or push) of the catheter to the rotation of encoder A. Figure  14 shows a sectional view of the complete mechanical system. In this figure, encoder B is mounted on the carriage. The carriage is free to slide along the guide rods; bearings between the carriage and the guide rods facilitate friction-free motion. The catheter is inserted into the mechanism through a hole in the enclosure. Its tip is rigidly coupled to the shaft of encoder B. When the user twists the cath- eter about its axis, the shaft of encoder B rotates and provides a reading corresponding to the amount of twist, along with the direction of rotation (clockwise or anticlockwise). When the user pushes or pulls the catheter, the carriage translates along the guide rods. The linear motion of the carriage is transmitted to encoder A using an endless wire drive. The free pulley supports the wire drive at the other end. Hence, encoder A provides a reading proportional to the linear position of the catheter inside the mechanism.
The simulated catheter and guide wire have a translation length of approximately 500 mm. We have pause and resume controls on the graphical user interface to extend the navigation distance.
Force Actuator
The force actuator is used to control the friction of moving the simulated catheter. This changes the resistance felt by the user when navigating the catheter. It consists of a stepper motor that exerts force to the catheter via a clamp. The motor is connected to a stepper motor that is in turn controlled by the microcontroller.
The force feedback enforced by the force actuator is controlled by the microcontroller. The stepper motor used in the existing force actuator has an operating speed of approximately 0.22 s/60°. The microcontroller is connected to the host computer that computes the force feedback through a serial link at a rate of 9600 baud. The transmission of digital pulses from the microcontroller to the stepper motor driver that controls the stepper motor is on the order of microseconds. The force feedback and latency have not been a major issue in our existing setup of the force actuator.
Microcontroller
The microcontroller (Intel 8075) is used to read the counters of the two encoders and to communicate the reading to the host computer. It interacts with the host computer via a serial port (RS-232C). The communication parameters are 9600 baud, 8-bit data, 2 stop bits, and without parity.
Catheter Sensor Driver (CSD)
The CSD is low-level software that acts as an interface between the catheter mvement sensor and the high-level visualization functions in ICard. It performs the functions of controlling the CMS and assembling and interpreting the data sent by it. Written in Cϩϩ, all functions for controlling and accessing the sensor are encapsulated in a catheter device class and a serial device driver class. The block diagram of these classes and their relationship with CMS and ICard are shown in Figure 15 .
The controller was programmed in firmware to control the various components and manage communication with the host computer. Note that the graphical user interface of ICard was developed using X/Motif Windows. An X event is activated every 100 ms to send a record from the host computer to the device and to wait for the arrival of another record from the device to the host computer. For ease of discussion, we refer to the former record as record A and the later record as record B.
Record A consists of 4 bytes with the format shown in Figure 16 . The first byte indicates the type of instruction-operation code. The last 3 bytes constitute a scaled integer indicating the amount of force feedback. The encoding of this record is done in the class catheter device. The transmission of this record is done via the class serial device driver upon activation by routines in the class catheter device.
Upon receiving this record A, the microcontroller of the apparatus responds by transmitting record B to the host computer. If the first byte of the record is F, the amount of force feedback could be nonzero. In this case, the controller will signal the activation of the force feedback assembly according to the amount specified in the last 3 bytes of record A. We used T in the first byte for the other instructions intended for polling.
Record B consists of 10 bytes with the format shown in Figure 17 . The first 5 bytes constitute a scaled integer indicating the translation reading detected by the encoder. The last bytes constitute another scaled integer indicating the rotational reading detected by another encoder. The class catheter device reads this record B via the class serial device driver. The class catheter device then decodes this record B and then computes the distance moved and angle twisted from the difference in current and previous readings. This input is then fed into the simulation loop.
CONCLUSION Catheter Navigation
ICard provides the physician with two options for navigating the catheter and guide wire. The option preferred by most radiologists involves hand manipulation of a catheter in a manner very similar to that encountered in the clinical setting, as discussed in the previous sections. The catheter can be moved forward and backward and rotated either to the right or to the left. All of these motions are displayed in real time as the catheter or guide wire is navigated through the virtual patient visualized on the fluoroscopic screen. The movement of the catheter can be seen with the vasculature appearing to be transparent or with the vessels outlined. This option is available through the control panel. Guide wires can be used to straighten the tips of catheters to facilitate their passage through vessels or as an aid to selective vessel catheterization. The catheter and guide wire can be manipulated in real time in a manner similar to that encountered in a cardiac catheterization procedure. The responses of the catheter and guide wire were modeled to reflect the physical properties of the selected devices and the morphology of the vessels. Note how the shape of the catheter tip is influenced by the geometry of the vessels and how the catheter tip changes shape in response to the introduction of the stiff portion of the guide wire. The user can also choose to navigate the catheter and guide wire (using standard keyboard commands) where the direction of catheter movement is clearly defined. The tip of the catheter and guide wire can be kept in view during the catheterization process by simply moving the patient table function buttons on the control panel. Furthermore, the patient (image) can be rotated using the table motion rotate button.
Future Work
ICard is the first step toward providing a realistic environment for training. However, the ultimate goal of ICard is to develop an accurate realistic interventional cardiology simulator to simulate percutaneous coronary revascularization procedures. More specifically, ICard aims to develop a model to simulate movements of the guide wire, guiding catheters and balloon catheters during percutaneous coronary revascularization procedures, to provide an objective method for evaluating this equipment and pretreatment planning in complex cases. The response of atherosclerotic or restenotic lesions to treatment with balloon angioplasty or other devices, such as stents, and atherectomy will also be replicated. To meet these goals, we have been developing a 3-D pathology model of the blood vessels based on a sequence of X-ray angiograms acquired by rotating a monoplane around the patient. This model will be implemented and integrated into ICard to provide 3-D coronary vasculature in real life. In addition, an accurate hemodynamic model, which will realistically simulate the blood flow and its interaction with the vessels in vascular disease, will also be developed and added to ICard as an integrated part of the physical modeling. By doing this, we will further increase the credibility of the existing finite element analysis of catheter navigation.
Fully Nonlinear 3-D FEM Model
However, the vessels can no longer be treated as rigid cylindrical structures when we model the interaction of catheterization devices such as balloons and stents with diseased arteries. These ves- sels are irregular in cross section due to the presence of, for example, stenosis, and the stenosis behaves differently when deformed. In addition, the blood flow is also an important factor in this interaction analysis. 31 The current FEM model was developed mainly for the analysis of catheter navigation and its interaction with the blood vessels. A more complete 3-D FEM model coupled with a hemodynamic model describing the blood flow phenomenon is under development for analysis of interactions of angioplasty devices such as the balloon lumen with the vessel lesions. For a more realistic and accurate analysis of the interaction between the devices and coronary stenosis, the device materials and the vessels will have to be treated as nonlinear properties and the blood flow will be treated as an homogeneous incompressible Newtonian fluid. The vessels and the associated stenosis will be treated in layered structures. This 3-D space finite element model will be employed for the detailed analysis of the localized interaction of the device, blood flow, and the vessels with stenosis. The current FEM approach will still be used for the analysis of catheter navigation, and the effect of the blood flow will be taken into account.
Under these circumstances, the FEM analysis of catheter navigation in our simulation system will still provide a real-time response in order to support eye-hand coordination, which is a crucial feature in medical training systems. However, the accurate computation of the interaction to evaluate the response of catheterization devices to blood flow and vessel stenosis will be implemented with a fully nonlinear 3-D finite element model coupled with hemodynamics. This requires extensive computer power and would no longer be a real-time solution. This fully nonlinear model of 3-D FEM will be employed in the simulation system for pretreatment planning of complex cases, where real-time response is not really crucial in planning the catheterization.
